The susceptibility of a marine bacterium, designated isolate c-Al, to lysis in distilled water and in salt solutions has been found to be a function of Na+ concentration. Optical densities of cells pre-exposed to 0.05 M MgCl2 were maintained in 1.0 M KCl, whereas those of cells pre-exposed to 1.0 M NaCl were not maintained at any KCl concentration tested. Cells transferred from MgCl2 to low concentrations of NaCl underwent more extensive lysis than did those transferred to distilled water. The degree of disruption of cells transferred to distilled water from mixtures of 0.05 M MgCl2 and NaCl (0 to 1.0 M) was dependent on the concentration of NaCl; similar results were obtained with LiCl, but not with KCI. In electron micrographs of thin sections, c-Al cell envelopes consisted of two double-track layers which fractured and peeled apart on lysis after pre-exposure to NaCl-MgCl2 mixtures. Envelope eruptions or "hernias" occurred only in lysed cells pre-exposed to NaCl alone. No evidence for a functional lytic enzyme was found. Comparative studies on a terrestrial pseudomonad with a multilayered envelope indicated that preexposure to NaCl did not enhance the susceptibility of this cell to lysis in distilled water. The lytic susceptibility of the marine bacterium is considered to be the consequence of competition between specific monovalent cations and Mg++ for electrostatic interactions with components of the cell envelope of this organism.
Generally, gram-negative marine bacteria undergo lysis on transfer from seawater to low ionic environments (18) . Early workers attributed this lysis to osmotic factors alone, on the basis of the finding that light production by luminous marine bacteria was maintained in 1.0 M sucrose solutions (12) . More recent evidence has indicated that this lytic phenomenon of marine bacteria might not result primarily from osmotic factors, since lower concentrations of Na+ or Li+ than of K+ or NH4+ were required to prevent lysis of marine bacteria (19) and of an extreme halophile (16) . The disintegration of the envelope of one marine pseudomonad in low ionic environments was interpreted in terms of enzymatic degradation of the cell envelope, although no direct evidence was presented for such enzymatic action (3) . Studies on a marine pseudomonad whose viability and integrity were maintained by IPart of a thesis submitted by the senior author in partial fulfillment of the requirements for the Ph NaCl in concentrations above 0.2 M indicated that lysis of this organism in hypotonic solutions occurred in two stages: a fast stage, too rapid to be analyzed spectrophotometrically, followed by a slower lysis continuing over several hours (19) .
During a series of experiments in this laboratory involving lysis of a marine bacterium, evidence was obtained for an antagonistic relationship between monovalent and divalent cations in the maintenance of the integrity of the cell envelope of the organism. The results of these experiments and similar experiments with a bacterium from a terrestrial source are presented in this paper.
MATERIALS AND METHODS
The organisms employed, designated isolates c-Al and 121, were isolated from the coastal waters at Depoe Bay, Oregon, and from a nonmarine soil sample, respectively. These gram-negative isolates were subjected to a battery of classification tests, according to the scheme of Colwell and Liston (8) , in media prepared with distilled water for isolate 121 or with the artificial seawater of Lyman and Fleming 1356 DE VOE AN (17) for isolate c-Al. This formula for artificial seawater was used throughout these studies.
Viability studies on isolate c-Al were carried out by suspending late log-phase organisms, harvested from a medium of 0.5% peptone (Difco) in artificial seawater, in various salt solutions, periodically removing a sample for dilution in artificial seawater, and plating by the method of Miles and Misra (21) on peptoneseawater-agar.
The specific salt requirements for growth of isolate c-Al at 25 C in 0.5% peptone (Difco) were determined by omitting singly each component of the artificial seawater until only those seawater salts remained which were essential for growth. Such single omission was also used to determine whether these latter salts were necessary for growth of the organism in a synthetic medium (0.2% glucose, 0.2% sodium glutamate, 0.2% NH4CI, 0.001 M K2HPO4, pH 7.4). The requirement for Cl-for growth was tested in the synthetic medium by substituting SO42-for C1-while maintaining the cation molarities normally present in the medium.
For studies on the lysis resulting from transfer to water, isolates 121 and c-Al were grown at room temperature (25 to 27 C) for 16 hr with vigorous shaking (Gyratory Shaker, New Brunswick Scientific Co., New Brunswick, N.J.) in media containing 0.5% peptone (Difco) and prepared with distilled water or with artificial seawater, respectively. Unless otherwise stated, the effect of interaction of cations on lysis was determined by the following standard procedure: (i) the broth cultures were divided into 30-ml portions; (ii) cells were harvested by centrifugation at 7,000 X g for 5 min; (iii) the cell pellets were resuspended to the original volume in different salt solutions containing the chlorides of a divalent cation (Mg++) or a monovalent cation (Na+, Li+, or K+), or both, unbuffered at pH 6.8 to 7.0; (iv) each portion of cells was washed three times by centrifugation and resuspension in the ;alt solution; (v) each three times-washed pellet was suspended to an optical density of 0.75 to 0.85 at 520 nm (13 by 100 mm tube, Bausch & Lomb Spectronic-20 colorimeter); (vi) 4-ml replicates of each suspension were then transferred to tubes (13 by 100 mm) and centrifuged at 2,200 X g for 30 min; (vii) each pellet was rapidly resuspended in 4 ml of distilled water with a Vortex mixer; (viii) after 30 sec to allow for clearance of bubbles, optical densities at 520 nm were determined. The decrease in optical density associated with fast-stage lysis was essentially instantaneous and, therefore, complete by 30 sec. Changes in optical density of cell suspensions are reported as a percentage of the initial optical density, a procedure used by other workers (3, 6, 26) . In some experiments, after the 30-sec optical density reading, the distilled water-treated cell suspensions were centrifuged at 2,200 X g for 30 min; cells from the pellet were stained with crystal violet, and the supernatant fluid was tested for the presence of leakage material by ultraviolet absorption spectra (220 to 300 nm), or by the presence of ninhydrin-positive material in 20 ,.liters spotted on Whatman no. 1 filter paper, or by both methods. Although this study was concerned primarily with fast-stage lysis, some experiments were Tl) OGINSKY J. BACTERIOL.
also done on the effects of cations on the subsequent slow-stage lysis by continuing optical density readings over longer periods. All centrifugations were done at room temperature. All optical density measurements of cell suspensions were made at 520 nm.
In some experiments, the standard procedure was slightly modified in that cells were transferred from 0.05 M MgCl2 or 1.0 M NaCl solutions to various concentrations of KCl or NaCl, as well as to distilled water. To determine the effects of temperature, cells were washed three times at ambient temperature (25 to 27 C) in a solution containing 0.1 M NaCl and 0.05 M MgCl2, followed by resuspension in distilled water at various temperatures ranging from 2 to 90 C; optical densities were determined 30 sec after resuspension. Other changes in the standard procedure are described below. MONOVALENT CATIONS AND MARINE BACTERIAL LYSIS pensions were determined at intervals over 4 hr, after which the suspensions were centrifuged and ultraviolet absorption spectra of the supernatant fluids were determined. The results were indeed as predicted (Fig. 2) . The extent of release from the cells of material with an absorption maximum at 260 nm was directly related to the decrease in optical density of the cell suspensions. The increase in optical densities of suspensions in 0.5 and 1.0 M NaCl may be explained by physical shrinking of cells due to dehydration (15) . The results clearly indicate that, under the conditions of the experiment, low concentrations of Na+ are more effective in lysing cells than is distilled water.
We have proposed that Mg++ and Na+ compete for the same sites in the envelope of c-Al. Therefore, if cells are exposed to solutions containing both Mg++ and Na+, the extent of cell disruption during lysis in distilled water should be related to the proportional concentration of monovalent cation to which c-Al cells are preexposed. When cells of isolate c-Al were washed in salt solutions containing a constant concentration of MgCl2 (0.05 M) plus various concentrations of NaCl, from 0 to 1.0 M, the decreases in optical density resulting from transfer to distilled water were directly related to the concentration of NaCl in the wash solution (Fig. 3) . On staining with crystal violet, the retention of cell integrity appeared greater in those preparations which had been pre-exposed to MgCl2 alone or to MgCl2 plus lower concentrations of NaCl. In preparations of c-Al which had been pre-exposed to MgCl2 plus 1.0 or 0.5 M NaCl, or to 1.0 or 0.5 M NaCl alone, many "ghosts" and scattered debris were visible; no spheroplastlike, swollen cells were observed. The distilled water tteatment NoCI (M) of isolate 121, after exposure either to 0.05 M MgCl2 plus NaCl at various concentrations or to 1.0 M NaCl alone, appeared to have little or no effect on the morphology or integrity of the cells (Fig. 3) . No cellular aggregations were observed in samples from any of the tubes. Analysis of the supernatant fluids indicated that release of such intracellular material was proportional to the decrease in optical density as determined by ultraviolet absorption spectra and, in addition, in the case of c-Al, by the intensity of the reaction of supernatant fluids with ninhydrin. Extensive disruption of c-Al during lysis appeared to occur only in the cell suspensions previously exposed to the higher NaCl concentrations, in the presence or absence of 0.05 M MgC12.
To determine whether the lysis pattern was specific for Na+, LiCl or KCI was substituted for NaCl in similar experiments. Results similar to those with NaCl were obtained when LiCl was used; on the other hand, KC1 rendered the cells much less susceptible to lysis than did NaCl or LiCl (Fig. 4) . By virtue of its ionic radius, Li+ is more closely akin to Na+ than is K+; Li+ apparently acts in this system in a manner similar to that of Na+, whereas K+ does not. apparent from the results with KCI that the Clconcentration did not markedly influence the pattern of lysis and that Cl-itself was, in all probability, not a primary agent of lysis.
To determine whether the lysis in distilled water was primarily osmotic, lactose and sucrose solutions were substituted for distilled water in the standard procedure. The results obtained after exposure to 1.0 and 0.5 M NaCl were similar to those with distilled water (70 and 65 %, respectively). However, after exposure to concentrations of NaCl of 0.1 M or lower, the optical density decrease was only 18%, suggesting that these sugars may protect against slight osmotic effects. Any small osmotic effects after exposure to higher NaCl concentrations may be masked by the extensive cell disruption.
The influence of Mg++ concentration on lysis was determined by a modification of the standard procedure; cells were washed three times in 0.1 M NaCl plus MgCl2, at concentrations ranging from 0.001 to 0.1 M, before transfer to distilled water. The results indicate that the concentration of Mg++ did not affect the extent of fast-stage lysis, within the concentrations of Mg++ used (Fig. 5) . However, when optical density readings were continued at 5-min intervals fox 30 min, the extent of slow-stage lysis was considerably affected by the Mg++ concentration. The extent of optical density change, and presumably the extent of cell disruption, in distilled water in the fast stage appeared to be dependent primarily upon the concentration of monovalent cation to which the cells were pre-exposed, whereas the extent of the optical density change during slowstage lysis appeared to be dependent primarily on the concentration of divalent cation. The effect of temperature on lysis is shown in Fig. 6 . The decrease in optical density was directly related to the rise in temperature up to 65 C. This relationship reversed as the temperature was raised above 65 C, probably as a result of denaturation of envelope components. The significant point which emerged from this study was that, even at the lowest temperature tested, 2 C, the lytic reaction was too rapid to follow spectrophotometrically. The almost instantaneous nature of the lysis at this low temperature suggests that the lytic mechanism is not enzymatic in nature.
To test the possibility that lysozyme-like enzyme(s) might be responsible for the lysis of cells of c-Al, the lysates of c-Al were tested on M. lysodeikticus, an organism the walls of which are extremely sensitive to lysozyme action (24) . In every instance, optical densities of M. lysodeikticus suspensions in c-Al lysates at 60 min remained essentially the same as the initial optical densities; if lytic enzymes were present in the lysates, they were present in concentrations too low to be detected, even though amounts of lysozyme as low as 1 ,ug/ml could be detected in the controls. These findings do not rule out the possibility that lysis of c-Al in distilled water is caused by lytic enzymes not released from the cellular structures during lysis or not effective against the mucopeptide of M. lysodeikticus.
Electron micrographs of thin sections of normal and lysed c-Al cells (Fig. 7 to 13 ) provided some clues as to the nature of the lesions incurred during lysis. Cells fixed in OS04 while in solutions of artificial seawater appeared normal ( Fig. 7 and 8) , as did cells fixed in solutions of 1.0 M NaCl, 0.5 M NaCl, or 0.05 M MgCl2 (not shown). Brown et al. (4) and Costerton et al. (10) obtained similar electron micrographs from thin sections of marine pseudomonads. Normal cell cytoplasm of c-Al is characterized by electron opaque areas near the envelope, which appear to be concentrations of ribosomes. There are only two distinctly visible layers in the envelope, each appearing as a double-track structure (Fig. 8) . Thin sections of cells from distilled water after pre-exposure to various salt solutions containing NaCl or MgCl2, or both, show different types of disruption. In cells pre-exposed to NaCl alone, large breaks can be seen in the inner and outer envelope layers, resulting in what appear as extruded "hernias" along the periphery of the cell (Fig. 9) . Such hernias were never found in cells which had been exposed to MgCl2, regardless of the NaCl concentration. With cells preexposed to mixtures of MgCl2 and NaCl, there are areas where large segments of the outer and inner layers of the envelope appear to be separated, although relatively intact, as though they had been peeled apart ( Fig. 10 to 12 ). The extent of disruption of the envelope and of the cytoplasm of the lysed cells was greatest in those cells exposed to higher concentrations of NaCl before transfer to distilled water. The transfer of cells to distilled water after prior exposure to MgCl2 alone caused little or no visible alteration of the envelope and only slight disturbance to the cytoplasm (Fig. 13) .
Electron micrographs of thin sections of cells of isolate 121 revealed more visible layers in the envelope of this organism than in the envelope of c-Al (Fig. 14 and 15) . Distilled water had no visible effect on cells of 121 even after exposure to 1.0 M NaCl plus 0.05 M MgCl2 (Fig. 16 ). These findings strongly suggest biochemical differences, either quantitative or qualitative, in the envelopes of these two organisms. Furthermore, it is evident that the role of ions in the maintenance of the structural integrity of cells of 121 is secondary to other factors.
DISCUSSION
The studies reported here have shown that the lytic pattern of a marine bacterium, isolate c-Al, in distilled water is conditioned by the salt to which it is pre-exposed, whether one measures the immediate disruption on transfer to distilled water (fast-stage lysis) or the subsequent protracted disruption on continued incubation (slow-stage lysis). When the effects of pre-exposure to NaCl and MgCl2, singly and in combination, were determined, the extent of fast-stage lysis was directly related to the concentration of NaCl and the extent of slow-stage lysis was directly related to the concentration of MgC92.
One explanation for the effect of Na+ on lysis of c-Al might be in terms of an osmotic effect. As the concentration of Na+ in the external medium is increased, a proportional increase may occur inside the cells (25) , resulting in a greater net flow of water into the cell on transfer to distilled water and thus in a greater probability of cell lysis. The effect of sucrose and lactose solutions on lysis of c-Al indicated that the lysis did involve osmotic factors, but the major contribution to the disruption of the envelope appeared to be the result of electrostatic interactions.
It is proposed that these interactions involve competition between Na+ and Mg++ for anionic groups in the cell envelope. In specific terms, it A third alternative mechanism which must be considered is lysis as a result of enzymatic activity. In the absence of direct evidence, enzymes cannot be definitively ruled out as the causative agent of fast-stage lysis of c-Al. However, the nearly instantaneous nature of such lysis at 2 C argues strongly against an enzymatic mechanism. Furthermore, since assays for soluble lysozymelike enzymes in the lysates of c-Al cells were uniformly negative, it is difficult to consider enzymatic activity as a component of fast-stage lysis of c-Al.
Not surprisingly, the terrestrial bacterium, isolate 121, behaved quite differently from marine isolate c-Al. Pre-exposure of cells of 121 to NaCl, MgC12, or both salts had little or no effect on the integrity of these cells in distilled water. This organism also differs from c-Al in the greater number of cell envelope layers visible in electron micrographs of thin sections.
The envelope of c-Al appears to consist of inner and outer double track-like layers, with no intervening layer visible. The principal envelope lesion during lysis of c-Al was a separation, or peeling apart, of the inner and outer layers accompanied by localized breaks in the separate layers. Such layer separation during lysis has been found by others (3, 5, 10) in electron micrographs of marine pseudomonads. Therefore, it appears that the bonds affected by pre-exposure of c-Al cells to Na+ include those which maintain the juxtaposition of the inner and outer layers. Asbell and Eagon (2) proposed that subunits of the lipopolysaccharide of P. aeruginosa may be held together by divalent cation linkages, and that the lysis on treatment with ethylenediaminetetraacetic acid is the result of removal of these bridging cations. If a similar structure is present in c-Al, .the separation of the layers during lysis may also involve dissociation of lipopolysaccharide into subunits. In the accompanying paper dealing with isolated envelopes (11), evidence is presented for the disaggregation of c-Al envelopes aftei treatment with Na+ and their reaggregation in the presence of Mg++ and for the displacement of envelope-bound Mg++ by Na+.
The experiments reported here involved the influence of single salts, or a mixture of two salts on the structural integrity of marine bacterium c-Al. The experimental systems and environments used were artificial and certainly far removed from the complex ionic environment of the ocean. However, the ionic interactions proposed in this paper are of relevance to the cell envelope of c-Al in its natural habitat and would no doubt involve not only Na+ and Mg++ but other cations, such as Ca++, Sr++, and K+, in a dynamic cation exchange system. The net result of such interactions would be an envelope whose components are maintained in functional configuration.
